The preovulatory surge of gonadotropins induces meiotic maturation of the oocyte, the follicular/luteal phase shift in hormone production, and ovulation. This complex and rapid series of developmental changes is difficult to study in large mammals, such as primates and ruminants, because variability in the length of individual reproductive cycles makes it virtually impossible to predict the time of the LH surge. We have validated an experimental model for inducing the LH surge and ovulation in cattle and used it to study the sequence of changes in hormone secretion and some of the mechanisms of these changes. Luteolysis and a follicular phase were induced by injection of prostaglandin F 2␣ ; injection of a GnRH analogue 36 h later induced an LH surge and ovulation. The LH surge peaked 2 h after GnRH and ovulation followed 22-31 h after the surge, consistent with the periovulatory interval in natural cycles. The ensuing luteal phase was normal, both in length and in concentrations of circulating progesterone. In experiment I, the uteroovarian effluent was collected, via cannulation of the vena cava, at frequent intervals relative to GnRH injection. Circulating estradiol declined progressively after GnRH, reaching a nadir by 8-10 h before ovulation, whereas concentrations of androstenedione and testosterone remained constant. In experiment II, preovulatory follicles were obtained at 0, 3.5, 6, 12, 18, or 24 h after GnRH. Concentrations of androgens and estradiol were measured in follicular fluid and medium from cultures of follicle wall (theca ؉ granulosa cells); steady-state levels of mRNA for 17␣-hydroxylase (17␣OH) and P450 aromatase were measured in follicular tissue. Shortly after the LH surge (3.5 h post-GnRH) there was an acute increase in the capacity of follicular tissue to secrete androstenedione, but not estradiol, in vitro. Thereafter, both androgens and estradiol declined, both in follicular fluid and in medium collected from cultures of follicle wall. Levels of mRNA for 17␣OH and aromatase in follicle wall decreased significantly by 6 h after GnRH, suggesting that declining levels of these enzymes underlie the decreases in steroid production by follicular cells. These results show that in cattle the preovulatory decrease in follicular estradiol production is mediated by redundant mechanisms, because androgen production and the capacity of granulosa cells to convert androgens to estradiol decline coor-1 This research was supported by grants from the U.S. Department of .
INTRODUCTION
The period between the gonadotropin surge and ovulation is a time of dramatic and rapid differentiation of the preovulatory follicle. In a matter of hours the LH/FSH surge sets in motion the biochemical and morphological changes that lead to oocyte maturation, ovulation, and the eventual formation of the corpus luteum (CL). The complicated series of events triggered by the gonadotropin surge seems to be highly structured temporally. For example, the expression of the cyclooxygenase-2 enzyme that increases prostaglandin production by periovulatory follicles is induced ϳ10 h before ovulation in rats, cattle, and horses [1] [2] [3] .
Our goal in performing the experiments presented here was to determine the temporal sequence of changes in steroid and oxytocin production during the periovulatory period in cattle and to elucidate some of the mechanisms that subserve these changes. In cattle, rising concentrations of circulating estradiol during the early and midfollicular phase result from increased capacity of theca cells to secrete androstenedione for aromatization to estradiol by granulosa cells [4] . In contrast, theca and granulosa cells isolated from preovulatory follicles before the LH/FSH surge secrete negligible quantities of progesterone or oxytocin during the first few days of culture [5] [6] [7] [8] [9] . However, by 15-20 h after the LH surge, estradiol and androstenedione secretion by follicle cells, estradiol and androgen concentrations in follicular fluid, and mRNA for P450 aromatase (aromatase) and P450 17␣-hydroxylase (17␣OH) have declined dramatically [5, 10, 11] , whereas oxytocin mRNA and protein have been induced [9] . Curiously, although follicles obtained 15-20 h after the LH surge secreted much higher levels of progesterone than before the surge, this increase occurred in the absence of increases in mRNA for 3␤-hydroxysteroid dehydrogenase or P450 sidechain cleavage enzymes [12] . This led us to speculate that periovulatory increases in progesterone might be transient, an hypothesis consistent with the postulated role of progesterone in the ovulatory process [13, 14] .
Cattle provide distinct advantages as a model for studies of periovulatory events. The time between the gonadotropin surge and ovulation is long enough (ϳ24-30 h) to permit an analysis of events over time. The preovulatory follicle is large enough (15-18 mm in diameter) to allow analysis of multiple end points per follicle and hence, their correlation within the same follicle. In addition, regression of the bovine CL can be induced by injection of prostaglandin F 2␣ (PGF 2␣ ) and injection of GnRH during the follicular phase will induce an LH surge. We validated a model for inducing ovulation in cattle and used it to study the temporal sequence of periovulatory changes in levels of steroids and oxytocin in the circulation and follicular fluid, in the ability of follicle cells to secrete steroids and oxytocin, and in levels of mRNA for steroidogenic enzymes and steroidogenic acute regulatory protein (StAR). With this approach, follicles can be isolated at much more precise stages of periovulatory follicular development than in previous studies, and the temporal sequence of developmental changes can thus be determined with much greater accuracy. In this manuscript validation of the experimental model and changes in production of estradiol and androgen and levels of mRNA for aromatase and 17␣OH are presented.
MATERIALS AND METHODS

Animals
Holstein heifers (340-456 kg) with regular estrous cycles were observed twice daily for estrous behavior (Day 0 of the cycle). During the experiments, ovarian follicular dynamics were monitored by transrectal ultrasonography, at the intervals indicated below for each experiment, as described previously [15] . All procedures involving animals were approved by the Cornell University Animal Use and Care Committee (protocol #86-214-95).
Validation of the Experimental Model
Treatments, ultrasonography, and blood sampling. On Days 6 or 7 of the estrous cycle, five heifers were injected with PGF 2␣ (25 mg Lutalyse i.m.; Pharmacia & Upjohn Co., Kalamazoo, MI) to induce luteal regression and initiate a follicular phase. Thirty-six hours after PGF 2␣ injection, 100 g of a GnRH analogue (Cystorelin; Sanofi Animal Health, Inc., Overland Park, KS) was administered i.m. to induce an LH surge and ovulation of the dominant follicle of the first follicular wave of the cycle. Follicular dynamics were monitored by ultrasonography daily, beginning on Day 1 of the cycle, and every 2-4 h, beginning 12 h after injection of the GnRH analogue, to detect ovulation. Jugular blood samples (10 ml) were collected twice daily beginning 12 h before injection of PGF 2␣ , every 4 h beginning 28 h after the injection of PGF 2␣ until the administration of GnRH, and then hourly for 7 h. Plasma was harvested and stored at Ϫ20ЊC for later RIAs to verify regression of the CL and to determine the timing of the LH surge.
Because, as expected, the protocol promoted luteolysis, an LH surge, and ovulation (see Results), it was applied to three additional heifers and concentrations of progesterone were monitored in jugular plasma to determine whether a normal CL formed after the induced ovulation. Blood was collected daily from a jugular vein beginning 24 h before injection of PGF 2␣ , through the experimental protocol, until the next behavioral estrus for measurement of progesterone. Ovarian follicular dynamics were examined daily by transrectal ultrasonography.
RIAs. LH [16] and progesterone [16, 17] were measured in plasma by RIA, as previously described. Samples measured for LH were analyzed in a single assay with an intraassay coefficient of variation (CV) of 9%. Plasma samples from the five heifers used for characterization of changes in circulating progesterone in response to the injection of PGF 2␣ on Day 7 and from the three heifers monitored for CL function after the induced ovulation were analyzed in single assays with intraassay CVs of 7% and 2%, respectively.
Experiment I: Periovulatory Concentrations of Steroids in the Vena Cava
Animals and procedures in vivo. During the luteal phase of the cycle preceding treatment, the vena cava was cannulated in six heifers via the medial saphenous vein; the cannula was positioned to collect the effluent from the uteroovarian veins, as we described previously [15] . On Day 7 of the experimental cycle, heifers were injected with PGF 2␣ , and 36 h later the GnRH analogue was administered to induce an LH surge. Beginning 34 h after PGF 2␣ injection (2 h before GnRH injection), blood samples (10 ml) were collected from the vena cava hourly (n ϭ 1) or half-hourly (n ϭ 5) until ovulation. Plasma was stored at Ϫ20ЊC for later measurement of androstenedione, testosterone, and estradiol by RIA. Beginning 12 h after the injection of the GnRH analogue, heifers were monitored by ultrasonography every 2-4 h until ovulation occurred.
RIAs. Concentrations of androstenedione, estradiol, and testosterone were measured in vena cava plasma by RIA, as we have described previously [15, 18] . The intra-and interassay CVs for estrogen, androstenedione, and testosterone were 7% and 11%, 5% and 9%, and 5% and 10%, respectively.
Experiment II: Analysis of Periovulatory Follicles
Animals and treatments in vivo. On Day 7 of the estrous cycle, heifers (n ϭ 18) were injected with PGF 2␣ to regress the CL and initiate a follicular phase; 36 h after PGF 2␣ injection, the GnRH analogue was administered to induce an LH surge. Jugular blood samples (10 ml) were collected daily via venipuncture from Days 5 to 9. Plasma was collected and stored at Ϫ20ЊC until assayed for progesterone to confirm regression of the CL. Starting 34 h after PGF 2␣ injection, jugular blood was collected hourly until 4 h after the administration of the GnRH analogue to verify the occurrence and timing of the LH surge.
The ovary bearing the dominant follicle was removed by colpotomy at 0 (36 h post-PGF 2␣ ), 3.5, 6, 12, 18, or 24 h post-GnRH (n ϭ 3/time point). These times were chosen to provide samples at 6-h intervals during the periovulatory period, with an additional time point at 3.5 h to evaluate potential acute changes in response to the LH surge (which peaks 2 h post-GnRH). Ovaries were transported to the laboratory within 15 min of collection, in ice-cold Eagle minimal essential medium (MEM) containing penicillin (50 U/ ml) and streptomycin (50 g/ml), buffered with 25 mM Hepes (pH ϭ 7-7.4; all obtained from Gibco BRL, Grand Island, NY).
Isolation of follicular tissue and treatments in vitro. The preovulatory follicle was identified and dissected from the ovary. Follicular fluid was aspirated and stored at Ϫ20ЊC until analyzed by RIA for androstenedione, testosterone, and estradiol. The follicle was quartered, and theca interna with adherent granulosa cells was peeled from the theca externa and surrounding stromal tissue. The resultant follicle wall preparation (theca interna plus granulosa cells) was cut into 72 pieces; 36 pieces were transferred at random onto small pieces of sterile lens paper in Costar 24-well plates (3 pieces/well; Cambridge, MA) for organ culture, as described previously [6] . The rest of the tissue was frozen in liquid N 2 for later extraction of RNA.
Pieces of follicle wall were cultured in 0.5 ml of Eagle MEM supplemented with penicillin (50 U/ml), streptomycin (50 g/ml), glutamine (2 mM; Gibco BRL), nonessential amino acids (0.1 mM; Gibco BRL), human transferrin (5 g/ml; Collaborative Research Inc., Waltham, MA), cortisol (40 ng/ml; Sigma Chemical Co., St. Louis, MO), and insulin (1 g/ml; Lilly Laboratories, Indianapolis, IN). Follicle wall pieces were cultured at 37ЊC in a humidified incubator gassed with 5% CO 2 :95% air in the presence or absence of a low or high dose of ovine LH (2 or 64 ng/ml; NIH-LH-S23) or FSH (2 or 32 ng/ml; NIH-FSH-S17). Media were withdrawn and replaced completely at 4, 8, 24, 48, and 72 h of culture. Collected media were stored at Ϫ20ЊC until assayed for androstenedione and estradiol by RIA. Treatments were applied to duplicate culture wells within each experiment (follicle). RIAs. LH [15] and progesterone [16, 17] were measured in plasma as described previously. The intra-and interassay CVs for progesterone and LH were 5% and 10%, and 5% and 13%, respectively. Androgens and estradiol were measured in unextracted aliquots of culture media and follicular fluid as described and validated previously [5, 19] . The intra-and interassay CVs for measurement of androstenedione and estradiol in culture media were 3% and 8%, and 4% and 10%, respectively. Intra-and interassay CVs for measurement of androstenedione, testosterone, and estradiol in follicular fluid were 3% and 8%, 4% and 11%, and 7% and 10%, respectively.
Quantification of mRNA for 17␣OH and aromatase. Total RNA was extracted from follicle wall tissue according to the methods of Chomczynski and Sacchi [20] and quantified by spectrophotometry. Riboprobes were generated and mRNAs quantified by RNase protection assays, as we described previously [4] . Bovine cDNAs for 17␣OH [21] and 18S rRNA [22] were linearized with EcoRI. KpnI was used to linearize cDNA for bovine aromatase [4] . 32 P-Labeled antisense riboprobes were transcribed using [␣-32 P]CTP (10 mCi/ml; DuPont New England Nuclear, Boston, MA) and T3 RNA polymerase.
RNase protection assays were carried out according to Ambion's RPA II kit instructions (Ambion Inc., Austin, TX). Samples of total RNA (1 g) were hybridized for 12-15 h at 50ЊC with excess radiolabeled antisense riboprobe. Loading variation between samples was standardized by including 18S rRNA riboprobe, labeled to a very low specific activity, in all hybridization reactions [4] . Protected fragments were analyzed by electrophoresis through a 6% nondenaturing polyacrylamide gel. Gels were exposed to Fuji Medical X-Ray film (Fisher Scientific, Pittsburgh, PA) for 15-19 h at Ϫ80ЊC with one intensifying screen and subsequently exposed to a phosphorimaging plate (Fuji Medical Systems, Stamford, CT). Quantitative analysis of the band intensity was determined from the imaging plate using a phosphorimager (Molecular Dynamics, Sunnyvale, CA). Relative levels of mRNAs for the steroidogenic enzymes were calculated by dividing the band intensity of a given mRNA by the band intensity of the corresponding lower 18S rRNA band per sample.
To standardize values for samples run in different protection assays, a standard sample of RNA, from a preovulatory follicle, was included in each assay. The relative levels of steroidogenic enzyme mRNAs in each sample were corrected for gel variation by dividing them by the relative level of the corresponding mRNA species in the internal standard.
Statistical Analyses
All data are expressed as means Ϯ SEM. Data from experiments I and II were tested for homogeneity of variance by Hartley test [23] , and log transformations were performed on data sets that were determined to have heterogeneous variances. Data from experiment I were aligned to the time of treatment with GnRH or the time of ovulation, grouped into 2-h blocks of time, and means Ϯ SEMs calculated for data within each block. Differences among means for the 2-h blocks were analyzed by ANOVA using the general linear models (GLM) procedure of Statistical Analysis Sysytems (SAS Institute, Cary, NC). The model included effects of time and heifer. Post-ANOVA comparisons were made using Tukey honestly significant difference (P Ͻ 0.05). Data from experiment II were analyzed by ANOVA using the GLM procedure of SAS. The model included effects of heifer, time of tissue collection, and treatment in vitro on concentrations of androstenedione and estradiol in media. A model statement testing for effects of heifer and time of tissue collection was used for comparisons of follicular fluid steroid concentrations; the same model statement with effect of assay replicate was used for comparisons of levels of mRNA across time from treatment with GnRH. Post-ANOVA comparisons were made using least-squares means or Duncan multiple range test (P Ͻ 0.05).
RESULTS
Validation of Experimental Model
Luteolysis, defined as jugular vein progesterone concentrations less than 1 ng/ml, occurred in all heifers by 12 h after the injection of PGF 2␣ (Fig. 1A) . Concentrations of plasma LH peaked 2 h after treatment with the GnRH analogue; by 6 h post-GnRH, LH concentrations had returned to basal levels (Fig. 1B) . All five heifers ovulated between 24 and 31.5 h after the LH surge (26-33.5 h after GnRH injection).
To determine whether the follicular cells remaining after ovulation developed normally into a CL, concentrations of progesterone in the jugular vein and ovarian dynamics were monitored in three heifers. As shown in Figure 1C , luteolysis was induced on Day 7 by the injection of PGF 2␣ . After initiation of the LH surge on Day 9 by administration of the GnRH analogue, progesterone steadily increased until Days 13-15 of the next estrous cycle. After Day 16, concentrations of progesterone decreased sharply in two heifers (#640 and #5913) and more gradually in the third (#5892), to values near zero. Ultrasonographic imaging verified that the three heifers ovulated in response to the induced LH surge and that formation of the CL and its demise corresponded with the progesterone profiles for each heifer.
Experiment I: Periovulatory Concentrations of Steroids in the Vena Cava
Ultrasonography, conducted every 2-4 h beginning 12 h post-GnRH, showed that heifers with vena cava catheters ovulated 28 Ϯ 1 h (n ϭ 6; range ϭ 24-33 h) after injection of the GnRH analogue. Hormone concentrations in blood collected hourly (n ϭ 1) or half-hourly (n ϭ 5) from 2 h prior to treatment with GnRH until ovulation were aligned to the time of GnRH injection or ovulation and grouped into 2-h blocks of time (Fig. 2) . Estradiol concentrations in the vena cava had decreased by about 60% 8-10 h after treatment with GnRH, relative to levels at the time of GnRH injection (P Ͻ 0.05; Fig. 2C ). During the 10 h prior to ovulation, estradiol was consistently low and only about 15% of the levels observed before GnRH injection. In contrast, concentrations of androstenedione in the vena cava did not change over time relative to GnRH treatment or ovulation ( Fig. 2A) . Because no change in androstenedione was observed, testosterone was measured in the plasma to determine if this androgen might be a limiting factor in the production of estradiol after the LH surge. As can be seen in Figure 2B , concentrations of testosterone were lower only at the time of ovulation, compared with levels at 0.5-5 h post-GnRH.
Experiment II: Analysis of Periovulatory Follicles
In this experiment heifers were ovariectomized before ovulation and thus could not be monitored for the physiologic endpoint (ovulation) in response to hormone treatment. Therefore, jugular blood was collected and analyzed for LH and progesterone to verify that they had responded appropriately to the experimental protocol. To confirm luteolysis in response to injection of PGF 2␣ on Day 7, blood samples were collected daily on Days 5-9 to monitor concentrations of progesterone. Before injection of PGF 2␣ , concentrations of plasma progesterone increased daily, from 1.8 Ϯ 0.2 ng/ml on Day 5 to 3.2 Ϯ 0.2 ng/ml on Day 7 (n ϭ 18). By 24 h after administration of PGF 2␣ , progesterone had decreased to 0.6 Ϯ 0.1 ng/ml. Blood was collected hourly, beginning 2 h before and ending 4 h after administration of GnRH to determine the timing of the LH surge. As expected (Fig. 1) , plasma LH peaked at 2 h and was close to pretreatment levels by 4 h after the injection of GnRH.
Steroids in follicular fluid. Unlike androgen concentrations in the vena cava, the concentrations of androstenedione and testosterone in follicular fluid changed markedly after GnRH treatment (Fig. 3, A and B) . Androstenedione tended to increase (P ϭ 0.10) at 3.5 h post-GnRH, just after the LH surge, but by 12 h post-GnRH, concentrations were reduced by ϳ90% (P Ͻ 0.05) compared to the level 3.5 h post-GnRH. Concentrations of testosterone steadily decreased over time to ϳ20% of pretreatment levels by 12 h post-GnRH (P Ͻ 0.05; Fig. 3B ). The concentration of estradiol in the follicular fluid followed a pattern similar to that for the androgens (Fig. 3C ). Concentrations of estradiol had decreased by about 70% by 12 h post-GnRH (P Ͻ 0.05) and at 24 h post-GnRH, estradiol was only ϳ10% of the concentration at 0 h (P Ͻ 0.01).
Steroid secretion in vitro. To assess effects of the LH surge on the ability of follicular cells to secrete androstenedione and estradiol and respond to exogenous gonadotropins, pieces of follicle wall obtained at 0, 3.5, 6, 12, 18, or 24 h after the LH surge were cultured in defined medium with or without LH or FSH. During the first 4 h of culture, the ability of the follicle wall to secrete androstenedione was twice as great when tissue was collected 3.5 h after treatment with GnRH compared with 0 h (no GnRH injection; P Ͻ 0.01; Fig. 4A ). By 6 h post-GnRH, secretion had returned to pretreatment levels and tissue collected 12 and 18 h post-GnRH secreted significantly less androstenedione than follicle wall obtained at 0 or 3.5 h post-GnRH (P Ͻ 0.01). Follicle wall obtained just prior to the expected time of ovulation secreted androstenedione in amounts intermediate between those secreted at Time 0 versus 12-18 h post-GnRH. Once follicular tissue had been exposed to the LH surge in vivo, there was a progressive decrease in estradiol secretion during the first 4 h of culture (Fig. 4B) . By 24 h after treatment with GnRH, secretion of estradiol had decreased by ϳ95% relative to 0 h (P Ͻ 0.01).
We reported previously that low doses of LH or FSH maintain thecal androstenedione and granulosal estradiol secretion in vitro, respectively, whereas high doses of exogenous LH or FSH promote a steroidogenic pattern characteristic of the luteal phase [24] . LH treatment affected androstenedione secretion only when the tissue was collected before the LH surge (Fig. 5) . During the first day of culture, the high dose of LH stimulated androstenedione secretion (P Ͻ 0.05; Fig. 5A ), whereas only the low dose of LH maintained androstenedione secretion above control cultures during the last 2 days of culture (P Ͻ 0.05; Fig.  5B ). Basal secretion of estradiol during 72 h of culture decreased as follicles were obtained later during the periovulatory period; secretion was about 10 times lower when follicles were isolated 24 h versus 0 h after injection of GnRH (data not shown). The addition of LH or FSH to follicle wall cultures had no overall effect on estradiol secretion over 72 h of culture at any time of follicle isolation (data not shown).
Levels of mRNA for 17␣OH and aromatase. Levels of mRNA for 17␣OH decreased dramatically with time after the administration of GnRH (Fig. 6, A and B) . There was an initial dramatic decrease between 3.5 and 6 h after GnRH (P Ͻ 0.05), and then a continued decline in 17␣OH mRNA expression so that by 18 h post-GnRH it was barely detectable (P Ͻ 0.05). The levels of mRNA for aromatase (Fig. 6 , A and C) also decreased in response to the LH surge. There was a significant decrease between 3.5 and 6 h post-GnRH (P Ͻ 0.05). After this initial decline, levels of mRNA for aromatase remained constant and low at about 20% of levels present at the time of injection of GnRH.
DISCUSSION
In natural bovine estrous cycles, the length of the luteal phase and the interval between luteolysis and the LH surge vary, both between and within animals, and the time of the LH surge can only be estimated by frequent observation of animals for estrous behavior and later verified by measurement of LH in blood samples collected frequently. This makes it extremely difficult to determine the sequence of follicular changes triggered by the gonadotropin surge, especially changes that occur close to the time of the surge. The experimental model used in the current studies obviates these difficulties and allows examination of various end points, both in vivo and in vitro, relative to the LH surge and ovulation and can be used to determine the temporal sequence of changes induced by the LH surge. In these experiments, it allowed us to examine the timing of the decrease in estradiol production by the periovulatory follicle and to explore intracellular mechanisms subserving that decline. Estradiol decreased in both the intrafollicular environment and the peripheral circulation, and this decline was mediated by a reduction in both aromatase mRNA/ estradiol and 17␣OH mRNA/androstenedione.
Treatment of heifers with PGF 2␣ during the luteal phase induced luteolysis and a follicular phase and injection of a GnRH analogue 36 h later induced an endogenous LH surge that peaked 2 h after GnRH injection. The interval between the LH surge and ovulation (22-31 h) was consistent with previous reports of this interval following a natural LH surge [25] , injection of an ovulatory dose of hCG [2] , or induction of an LH surge with GnRH [26] . Frequent ultrasonography to detect ovulation did not affect the time from the LH surge to ovulation, compared with detection via rectal palpation [25, 27, 28] . The pattern of circulating progesterone during the next cycle indicated that the preovulatory follicle developed into a normal CL [29, 30] . Although the duration of the induced LH surge was shorter than natural surges [31] , the normal duration of the interval between the surge and ovulation and the normalcy of the ensuing luteal phase provide evidence that a normal sequence of developmental changes was triggered by the induced gonadotropin surge. Concentrations of both androstenedione and testosterone remained constant in the vena cava during the interval between the LH surge and ovulation, whereas the concentration of estradiol decreased by 10.5-12.5 h after GnRH. The lack of change in circulating concentrations of androgen provides evidence that androgens act primarily as intrafollicular, paracrine regulators during the follicular phase and emphasizes the intrafollicular role of these androgens versus the dual intrafollicular/peripheral actions of estradiol. In contrast, an additional role for follicular androgens, in negative feedback regulation of gonadotropin secretion, has been suggested at other times of the bovine estrous cycle [15] . The decrease in estradiol that we observed in samples taken from the vena cava during the periovulatory period is in agreement with earlier reports of circulating estradiol concentrations during the periovulatory period in cattle [27, 32] and sheep [33] .
Measurement of estradiol and androgens in follicular fluid and culture medium and of mRNA for aromatase and 17␣OH in follicular tissue elucidated some mechanisms of the periovulatory decline in estradiol observed in the circulation. Estradiol concentrations in the follicular fluid and in cultures of follicle wall declined progressively from 6 to 24 h and 3.5 to 24 h after GnRH, respectively, consistent with the pattern of decline in the peripheral circulation and with previous reports of concentrations of estradiol and estrone in follicular fluid [5, 10, 34, 35] . An apparent cause of the decrease in estradiol is the significant reduction in levels of mRNA for aromatase in follicular tissue, between 3.5 and 6 h after GnRH. Previously, we observed reduced levels of mRNA for aromatase 20 h after the onset of estrus versus before [10] , but the current results provide much more information about the temporal pattern of this decrease. Laurincik et al. [36] reported that immunostaining for aromatase declined in the granulosa cell layer of preovulatory follicles of superovulated cattle by 5-7 h after the LH surge, and in preliminary experiments, we observed attenuated immunostaining for aromatase in granulosa cells at 6 and 24 h after GnRH, compared to expression at 0 and 3.5 h. These findings suggest a tight temporal coupling between expression of the mRNA and protein for aromatase. A correlation between changes in mRNA and protein for aromatase with changes in estradiol-synthesizing capacity was also reported for rat preovulatory follicles [37] . In rat preovulatory follicles, these changes appear to be effected via both increased degradation of aromatase mRNA and decreased transcription [38] , but whether similar mechanisms subserve these changes in bovine follicles remains to be determined.
It is also likely that changes in the capacity of theca cells to produce androstenedione contribute to, or ensure, the post-LH surge decrease in estradiol production by the preovulatory follicle. Androstenedione and testosterone in follicular fluid, androstenedione secretion by follicle wall, and levels of mRNA for 17␣OH all decreased between 3.5 and 12 h after injection of GnRH. These results are consistent FIG. 6 . A) A representative RNase protection assay demonstrating protected fragments of mRNA for 17␣OH, aromatase, and 18S rRNA in 1 g total RNA from follicle wall samples obtained at 0, 3.5, 6, 12, 18, or 24 h after the injection of a GnRH analogue to induce an LH surge. Relative levels (mean Ϯ SEM) of mRNA for 17␣OH (B) and aromatase (C) in 1 g total RNA isolated from follicle wall obtained from preovulatory follicles at 0, 3.5, 6, 12, 18, or 24 h after the injection of a GnRH analogue to induce an LH surge (n ϭ 3 follicles/time point; each follicle assayed twice). Relative levels were calculated by correcting for the amount of radioactivity in the lower 18S rRNA band within each sample. Within a panel, bars with no common superscripts are significantly different (P Ͻ 0.05).
with previous reports of decreases in concentrations of androgens in preovulatory follicular fluid after the LH surge in cattle [5, 10, 34, 35] . Pieces of follicle wall isolated from follicles after GnRH injection did not respond to LH with increased androstenedione production. The loss of LH responsiveness most likely results from desensitization of the cAMP second messenger system or down regulation of LH receptors [39] . Other investigators have also reported that bovine theca cells lose the ability to respond to LH with increased androgen production between the LH surge and ovulation [40] . These findings all point to a decline in androgen-synthesizing capacity as a part of the mechanisms that ensure a decline in estradiol in response to the LH/FSH surge. Although this seems redundant, given the precipitous decline in aromatase mRNA, the regulation of reproductive processes frequently involves redundancy.
Changes in follicular androstenedione in response to the LH surge were somewhat more complex than those observed for estradiol. There was evidence for an acute increase in follicular production of androstenedione 3.5 h after GnRH (1.5 h after the peak of the LH surge). This is consistent with the acute stimulation of androstenedione production by theca interna cells obtained from preovulatory follicles before the LH surge by high concentrations of LH in vitro [24] . The response to high doses of LH in vitro was short-lived, just as we observed here in follicles obtained at different times relative to the LH surge in vivo. The theca interna retained some capacity to produce androstenedione, as late as 24 h post-GnRH. However, the virtually complete loss of follicular aromatizing capacity may allow the accumulation of androstenedione that, earlier in follicular development, would have been converted to estradiol.
Previous reports that both androgen and estrogen concentrations decline in ruminant follicular fluid between the LH surge and ovulation [33] [34] [35] , coupled with a report that aromatase activity persists until 14 h post-LH surge [11] , led previous investigators to conclude that lack of androgenic substrate is responsible for the decrease in production of estradiol in bovine periovulatory follicles [35, 41] . However, the data presented here do not support that conclusion; rather, they indicate that the ability of the theca cells to produce androgen substrate and the capacity of granulosa cells to convert androgens to estradiol decrease coordinately. In rat preovulatory follicles there are significant and dramatic decreases in both androgen and estradiol in the follicular fluid by 4 h after injection of LH [42] , consistent with decreases in mRNAs for 17␣OH [43] and aromatase [37, 44] . Rhesus monkey follicles also exhibit a gradual and almost complete loss of mRNA for both aromatase and 17␣OH during the periovulatory interval [45] , consistent with our results for cattle. However, Chaffin et al. [46] reported that both androstenedione and estradiol were increased in the follicular fluid at 12 h after an ovulatory bolus of hCG and then declined to concentrations observed at Time 0 by 24 h post-hCG. In the same study, incubation of granulosa cells in vitro also indicated that preovulatory follicles of rhesus monkeys retain a greater capacity to produce androgen and estradiol late in the periovulatory period than do bovine preovulatory follicles. In contrast, estradiol and estrone decreased in follicular fluid of porcine preovulatory follicles during the preovulatory interval, in the absence of a decrease in androgen concentrations [47] . Taken together, these findings suggest that there are species differences in the mechanisms by which estradiol declines in preovulatory follicles.
In summary, we validated an experimental model for studying the sequence of developmental changes in preovulatory follicles between the LH surge and ovulation in cattle. Use of this model in the current study allowed coordinate assessment of changes in mRNAs critical for androgen and estradiol synthesis, together with concentrations of these steroids in follicular fluid and the capacity of follicle cells to produce them, in follicles obtained at carefully timed intervals relative to the LH surge. The results do not support the notion that a decline in androgen substrate is primarily responsible for the rapid decrease in estradiol production by bovine periovulatory follicles [11, 35, 41] , rather they suggest that the capacity of the preovulatory follicle to secrete estradiol is significantly impaired by about halfway through the periovulatory interval, due to down regulation of both 17␣OH and aromatase by the LH/FSH surge. and P.J. Bridges for reading the manuscript. The progesterone and androstenedione antibodies were kindly provided by Dr. W. Hansel 
